A single-molecule transcription assay has been developed that allows, for the first time, the direct observation of promoter binding, initiation, and elongation by a single RNA polymerase (RNAP) molecule in real-time. To promote DNA binding and transcription initiation, a DNA molecule tethered between two optically trapped beads was held near a third immobile surface bead sparsely coated with RNAP. By driving the optical trap holding the upstream bead with a triangular oscillation while measuring the position of both trapped beads, we observed the onset of promoter binding, promoter escape (productive initiation), and processive elongation by individual RNAP molecules. After DNA template release, transcription re-initiation on the same DNA template is possible; thus, multiple enzymatic turnovers by an individual RNAP molecule can be observed. Using bacteriophage T7 RNAP, a commonly used RNAP paradigm, we observed the association and dissociation (k off ‫؍‬ 2.9 s ؊1 ) of T7 RNAP and promoter DNA, the transition to the elongation mode (k for ‫؍‬ 0.36 s ؊1 ), and the processive synthesis (k pol ‫؍‬ 43 nt s ؊1 ) and release of a gene-length RNA transcript (ϳ1200 nt). The transition from initiation to elongation is much longer than the mean lifetime of the binary T7 RNAP-promoter DNA complex (k off > k for ), identifying a rate-limiting step between promoter DNA binding and promoter escape.
Transcription initiation by RNAP
1 is an important regulatory step for gene expression in vivo. However, the details of transcription initiation are difficult to elucidate using conventional solution methods because (i) initiation consists of a series of transient intermediate steps between promoter binding and elongation, and (ii) within a population of actively transcribing RNAP molecules, only a small fraction is engaged in initiation at any given time. Most biochemical studies of transcription initiation utilize solution conditions which allow only a single enzymatic turnover, e.g. RNAP halted at a known position in the DNA sequence by ribonucleotide starvation or rapid mixing/quenching of the transcription assay. An attempt has been made to synchronize a population of T7 RNAP molecules in solution (1) ; however, synchrony is rapidly lost as the transitions between states are probabilistic events. The challenges associated with synchronizing a population of molecules can be avoided by making measurements on a single molecule. Previous single-molecule studies of transcription by Escherichia coli RNAP have only allowed DNA binding (2) , elongation (artificially halted by ribonucleotide starvation) (3) (4) (5) (6) (7) (8) , and termination (9) to be observed in isolation from the other transcriptional states. No previous single-molecule transcription assay has allowed promoter recognition and the transition from initiation to elongation to be observed.
T7 RNAP is a common paradigm for studies of transcription initiation, as it is a single-subunit enzyme sharing many of the biochemical characteristics of the more complex multi-subunit RNAPs from prokaryotes and eukaryotes (10, 11) . Like those more complex RNAPs, T7 RNAP-mediated transcription initiation occurs in several distinct steps (12) . First, the RNAP interacts intermittently and weakly with nonspecific sites on DNA until the promoter DNA sequence has been found and recognized through specific protein-DNA interactions. This specific, promoter-bound complex is known as the "closed" complex. Subsequently, the DNA helix undergoes RNAP-induced bending and melting in the promoter region to form the "open" complex (13) . In the presence of a single initiating ribonucleotide, abortive RNA synthesis occurs with the repeated release of short RNA chains 7-12 nt in length. After formation of the stable initial transcribing complex (14) , consisting of the nascent RNA transcript (ϳ10 nt), DNA template, and RNAP, promoter escape and transition to a stable, processive elongation complex (EC) occurs.
Recent studies of T7 RNAP using a variety of solution biochemical techniques (15) (16) (17) (18) (19) (20) (21) (22) (23) have addressed some of the questions about the mechanism of initiation. It is known that the 17 promoters for T7 RNAP within the T7 genome (24) can be split into two groups, called class II and class III. These promoters differ in strength, with the class III promoters being stronger than class II (25) . There are no significant differences in the stabilities of the binary complexes of T7 RNAP with the two classes of promoter in the absence of ribonucleotides (25 also been shown that formation of the initial collisional closed complex is diffusion-limited (20) and that local unwinding/ melting of the DNA to form the open complex is rapid (19) , implying that neither of these steps is normally rate-limiting for transcription initiation by T7 RNAP. Promoter strand separation in the open complex is driven by binding of the ϩ2 ribonucleotide (26) . On a linear DNA template, the open complex is known to be unstable in both the absence and presence of initiating ribonucleotides (18, 27) .
We used an optical tweezers-based force transducer to measure the mechanical interactions that occur between T7 RNAP and DNA during the whole course of transcription at the singlemolecule level. To observe both intermittent and processive types of mechanical interaction, i.e. transcription initiation and elongation, respectively, we adopted an experimental geometry similar to that first used to study actomyosin interactions (28, 29) . This "three-bead" geometry involves holding the DNA at either end by using two latex micro-beads as "handles," which are manipulated using independently controlled optical tweezers (Fig. 1) . The DNA can then be positioned above a third, surface-affixed bead to which RNAP has been coupled at a suitably low surface density. An additional advantage of the assay is that multiple transcription runs by one RNAP molecule on a single DNA template are followed, allowing several enzymatic turnovers by an individual enzyme molecule to be observed. Using this assay, the kinetics of promoter DNA dissociation, transcription initiation and elongation for T7 RNAP have been studied.
EXPERIMENTAL PROCEDURES
Construction and Tethering of DNA Template-A 16,912 bp DNA fragment from bacteriophage T7 DNA (Fluka/Sigma) containing the 13 promoter and no known termination sequences was labeled at the downstream end with biotin and at the upstream end with digoxygenin. Full-length T7 DNA was digested with SfiI (New England Biolabs) and then labeled at the 3Ј ends with biotin-dCTP (Sigma) using terminal transferase (Invitrogen). To prevent further 3Ј extension, excess dideoxy-TTP (Roche Applied Science) was added at the end of the terminal transferase reaction. This DNA product was digested with StuI (New England Biolabs) to yield unblocked 3Ј ends. Differentially end-labeled DNA molecules were generated by labeling these fresh 3Ј ends with digoxygenin-dUTP (Roche Applied Science) using terminal transferase. Finally, to prevent other labeled fragments from forming tethers, the DNA mixture was digested with BclI (New England Biolabs). The biotinylated downstream end of the DNA fragment was attached to a 1.0 m streptavidin-coated polystyrene latex micro-bead (Interfacial Dynamics) by incubation on ice for 1 h in binding buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, 200 mM NaCl). Fluorescent antidigoxygenin F ab /TRITC-BSA-coated (Roche Applied Science, Sigma) 1.1 m micro-beads (Interfacial Dynamics) were added to this mixture. Attachment of the digoxygenin-labeled upstream end of the DNA fragment to one of these fluorescent beads was achieved using a custombuilt optical tweezers apparatus capable of generating two independent optical traps (30) . A non-fluorescent, streptavidin-coated, DNA-tagged bead was captured by using one of the optical traps, and a fluorescent anti-digoxygenin-coated bead was captured in the second optical trap. Non-fluorescent and fluorescent beads were visualized using brightfield and epifluorescence microscopy, respectively. The traps were brought close together, and the beads were incubated for 5-10 min, after which time they were found to be connected by DNA. The fluorescently labeled bead allowed the upstream end of the DNA molecule to be identified prior to transcription initiation by viewing in epifluorescence mode. To ensure that the observed connection was formed by only a single molecule of DNA, force versus extension data were obtained and fitted using the worm-like chain model (31) Immobilization of T7 RNAP-His 12 -tagged T7 RNAP was overexpressed from the plasmid pDL21 (33) transformed into E. coli BL21 (Novagen) and purified using established protocols (34, 35) . The activity of the purified T7 RNAP was determined from bulk in vitro transcription assays with bacteriophage T7 DNA as a template (see below). 2.0 m micro-beads (Interfacial Dynamics) were coated with protein-A (Sigma) according to the manufacturer's instructions. These beads were incubated with mouse anti-His 6 IgG 2a (Amersham Biosciences) in transcription buffer-NTPs buffer. After washing to remove unbound antibodies, these beads were incubated with the His 12 -tagged T7 RNAP and then extensively washed with binding buffer to remove unbound T7 RNAP. They were then assayed as a suspension in vitro to determine the activity and loading of bound T7 RNAP. For single-molecule experiments, the T7 RNAP-coated beads were adsorbed to the nitrocellulosecoated coverslip of the microscope flow-cell. This surface was then blocked with acetylated BSA (Sigma). The solution concentration of T7 RNAP required to yield "active" bead preparations was determined empirically and tailored so that approximately one of 5-10 beads yielded DNA interactions in the single-molecule assay.
Observation of T7 RNAP-DNA Interactions-A mixture of 1.0 m DNA-labeled, streptavidin-coated micro-beads and 1.1 m anti-digoxygenin-coated micro-beads was introduced into a flow-cell containing T7 RNAP-coated 2.0 m micro-beads attached to the coverslip. A single DNA molecule was captured between two beads in binding buffer as described above. The flow-cell buffer was then exchanged for transcription buffer (40 mM Tris-HCl, pH 8.0, 6 mM MgCl 2 , 50 mM NaCl, 1.0 mM dithiothreitol, and 250 M NTPs). The concentration of ribonucleotides was kept low to slow down the rate of initiation (K m for the initiating ribonucleotide GTP ϭ 600 M; Ref. 36) , while maximizing open complex stability on the linear, torsionally relaxed DNA template (27, 37) . The DNA molecule was stretched to x/L o ϭ 0.75 and maneuvered so that the central region was touching a 2.0 m T7 RNAP-coated bead (starting positions of the optically trapped beads relative to surface bead were controlled and identical in each experiment). A triangular waveform (5 Hz frequency and 1 m amplitude) was then applied to the bead upstream of the 13 promoter, while the position of the downstream bead was monitored using a four-quadrant photodiode detector. Interaction events were detected as a "decoupling" of the motion of the passive downstream bead from the driven upstream bead. In the case of elongation events, the motion of the downstream bead along the x axis was corrected for DNA elasticity using the worm-like chain model discussed above (with L p ϭ 50 nm) and median filtered (12.5 Hz). We assumed that the T7 RNAP-bead and DNA-bead linkages did not significantly influence the total elasticity of the system. The position resolution of the downstream bead was limited by the root-meansquared displacement because of Brownian motion. With a relative tether extension x/L o ϭ 0.75 and a trap stiffness of 0.01-0.02 pN nm Ϫ1 , the full root-mean-squared noise before filtering was ϳ11 nm, corresponding to ϳ33 bp. The downstream bead displacement data was converted to transcript length in nucleotides by using a B-helix rise of 0.338 nm bp Ϫ1 . Bulk Assays of Transcription-T7 RNAP activity was determined from in vitro transcription assays by measuring the incorporation of radioactivity from [ 3 H]CTP or [ 3 H]UTP (Amersham Biosciences) into acid-precipitable material (38) . A DNA template with only the 13 promoter present was prepared for the bulk assays using the MasterAmp PCR kit (Epicenter Technologies). The run-off transcript (7058 nt) generated was visualized by ethidium bromide staining (data not shown) after denaturing gel electrophoresis.
RESULTS
Single-Molecule Assay for the Transcription Cycle-Before each experiment, a single 16,912-bp DNA molecule (L o ϭ 5.72 m) containing a class III T7 promoter was tethered between two optically trapped micro-beads in a known orientation (Fig. 1) . The tether was attached to the beads at each end through only one DNA strand, thus allowing independent rotation of the DNA duplex relative to the attached optically trapped beads. However, significant torsional stress may develop in a linear, anchored DNA template if the rate of RNA synthesis, i.e. axial rotation of the DNA strand, exceeds the rate at which transcription-generated supercoils diffuse off the free DNA end (39) . To begin an experiment, the buffer was exchanged for one that would support transcription (250 M for each NTP), and the DNA molecule was stretched to x/L o ϭ 0.75. The partially extended DNA molecule was maneuvered so that the central region was in close proximity to a third, T7 RNAP-coated, micro-bead attached to a microscope coverslip. The starting positions of the optically trapped beads relative to the surface bead were controlled (DNA template centered above and just touching the surface bead) and identical in each experiment.
To allow intermittent RNAP-DNA binding interactions to be detected directly, the upstream bead was made to oscillate by applying a triangular waveform displacement to its associated optical trap, and the coupled motion of the downstream bead was monitored with a four-quadrant photodiode detector. Binding interactions were then manifested as changes in the connection stiffness between the two optically trapped beads. Temporal and spatial analysis of these mechanical interactions enabled the measurement of the kinetics of promoter dissociation, transcription initiation, and RNA transcript elongation, as well as the positions at which these interactions occur along the DNA template. As the RNAP molecule remained in close proximity to the DNA tether at all times, this novel methodology also has the added advantage that multiple transcription runs by an individual RNAP molecule on the same DNA template can be followed.
Specific and Reversible Promoter DNA Interactions-When the DNA molecule was free from the surface, the motion of the two optically trapped beads was mechanically coupled by the DNA, and the oscillatory motion of the upstream bead was transmitted to the downstream bead (large amplitude regions of Fig. 2, a and b) . However, when the DNA bound to a surfaceimmobilized RNAP molecule, the oscillation in the downstream bead ceased, as it was decoupled from the upstream bead (small amplitude regions of Fig. 2, a and b) . Mechanical decoupling was not observed in control experiments where there was no T7 RNAP bound to the surface-immobilized bead (data not shown).
A representative histogram of downstream bead positions (n ϭ 44) during binding events (Fig. 2c) shows that these interactions occurred within a preferred region of the DNA (ϳ 20 nm) close to the known 13 promoter site. Each active T7 RNAP-coated surface bead was characterized by a unique downstream bead position where DNA binding occurred (Fig.  2c) , implying that a single unique T7 RNAP molecule was probed repeatedly in each experimental data trace. A total of 690 such decoupling events were observed, ranging in lifetime from ϳ50 ms (lower limit of detection) to Ͼ1 min, with many association and dissociation events recorded for each molecular pair tested. The majority of the binding events (ϳ98%) resulted in dissociation within 4 s. The lifetimes of these events (n ϭ 676) plotted as a histogram (Fig. 2d) could be fitted well to a single exponential (n ϭ N o e Ϫkt ) with a decay constant of 2.9 Ϯ 0.05 s Ϫ1 , corresponding to k off for the T7 RNAP-promoter DNA complex (see Fig. 4) .
Transcriptional Elongation by T7 RNA Polymerase-A small number of the DNA-binding events (ϳ2%) lasted much longer than 4 s (Fig. 2d, inset) . A number of these (Fig. 2d, inset,  arrows) showed clear movement of the downstream bead toward the surface attachment point and against the restoring force (Յ3 pN in all experiments) of the optical trap. Fig. 3a shows unfiltered data for the downstream bead displacement recorded during two elongation events that occurred consecutively within a single experimental run. The downstream DNA tether length, corresponding to the RNA transcript length, during elongation was obtained after a correction for the nonlinear elasticity of DNA by using the worm-like chain model (see "Experimental Procedures"). Plots of two events obtained with different DNA tethers are shown in Fig. 3b after correction for non-linear DNA elasticity, conversion to RNA transcript length, and median filtering (12.5 Hz). The rate of downstream DNA tether shortening, equivalent to the rate of transcript elongation, was evaluated from a linear regression of the displacement data in the region of continuous motion (time Ͼ 8 s) following the onset of the event (Fig. 3d) . This was done to avoid the complications due to the stationary DNAbound complex observed just prior to transcription elongation (see "Transition from Initiation to Elongation Phase"). The table in Fig. 3c shows the results of linear regressions for six of the longest events (mean run length ϭ 1200 Ϯ 330 bp), from which a k pol of 43 Ϯ 3.2 nt s Ϫ1 was obtained (T ϭ 22°C). This rate was consistent with in vitro rates of ribonucleotide incor- poration determined at 22°C using a bulk transcription assay. During elongation, continuous movement of the downstream bead was observed until either the RNAP released the DNA tether in a sequence-independent manner, or the downstream bead reached the limit of the useable range of the trap, located ϳ400 nm from the trap center, and the bead was pulled out of the trap. There was no evidence for reversible pausing during elongation by T7 RNAP in these experiments.
Transition from Initiation to Elongation Phase-In those cases where transcript elongation was observed, the bead deflection did not begin immediately after the onset of DNA binding, but began only after a significant lag period lasting up to ϳ5 s. During this lag period, the downstream bead remained stationary at the preferred binding position mentioned above (Fig. 3d) . The lifetime of this stationary complex was determined from the duration of the lag period, beginning with the DNA-binding event, i.e. loss of mechanical coupling to the upstream bead, and ending at the intersection of the fitted straight line corresponding to the elongation phase (Fig. 3d) . The lag times, ranging from 1.3 to 4.6 s in the events observed (n ϭ 6), were significantly longer than the mean lifetimes of the DNA-bound T7 RNAP molecules (1/k off ϭ 0.34 s), which reversibly dissociated without shortening the downstream DNA tether. The forward rate for the transition from closed complex to processive EC was 0.36 s Ϫ1 , based upon the mean of the lag times (Fig. 4) . DISCUSSION We have developed a novel optical trapping method that allows promoter binding, initiation, and elongation by single RNAP molecules to be monitored, while permitting multiple transcription runs on a single DNA template. By using this assay (Fig. 1) , we have observed transient decoupling of the oscillation in the downstream bead from the driven upstream bead when a DNA molecule containing a single 13 promoter was held in contact with a T7 RNAP-coated micro-bead (Fig. 2,  a and b) . Decoupling events were not observed when beads devoid of T7 RNAP were used, and we conclude from this that these events report specific interactions between T7 RNAP and DNA. Within individual experimental runs, decoupling of the downstream bead occurred at a preferred position within the range of possible positions that the bead could explore. A representative histogram of downstream bead positions during binding events (Fig. 2c) shows that these interactions occurred within a specific region of the DNA close (ϳ20 nm) to the known 13 promoter site. Therefore, we conclude that the observed interactions report the formation of binary T7 RNAP-13 promoter DNA complexes. The lifetimes of the observed events plotted as a histogram (Fig. 2d) were fitted by a single exponential with a decay constant of 2.9 Ϯ 0.05 s Ϫ1 , corresponding to the rate constant for dissociation of the binary T7 RNAP-promoter DNA complex (Fig. 4) . This is in close agreement with earlier stopped-flow kinetic measurements of k off (3.4 -4.0 s Ϫ1 ) for this class of T7 promoter under similar ionic conditions (18) . The value of k off for T7 RNAP bound nonspecifically to DNA is very large (within the dead-time of the aforementioned stopped-flow measurements, ϳ0.002 s), and intermittent binding of this type (k off Ͼ Ͼ 5 s Ϫ1 , the frequency of oscillation for the upstream bead) would be undetectable in these experiments. We conclude that the preferred position of intermittent binding on the DNA marks the location of the 13 promoter, and these binding events denote the specific recognition of the promoter by surface-immobilized T7 RNAP. As this method yields a value for k off in agreement with previous kinetic studies, we also conclude that the continued oscillation of the upstream bead (and tether) does not greatly affect the kinetics of DNA dissociation from the RNAP.
The majority of events involved T7 RNAP binding to the promoter, followed by dissociation at some subsequent time governed by k off . However, a small number of events (ϳ1 in 50) exhibited markedly different behavior (Fig. 2d, inset) . The lifetimes of these events were much longer than the simple dissociation events, and in addition, a significant number of events (ϳ1 in 100; Fig. 2d, inset, arrows) showed movement of the downstream bead away from the optical trap center, which is characteristic of transcription by a surface-immobilized T7 RNAP. The long-lived complexes which did not move (Fig. 2d , inset, events without arrows) may represent ternary transcription complexes irreversibly engaged in abortive RNA synthesis and incapable of productive elongation, as has been observed with E. coli RNAP (40) . After productive initiation, long stretches of DNA were transcribed into mRNA (mean run length ϭ 1200 Ϯ 330 bp), yielding a mean rate of 43 Ϯ 3.2 nt s Ϫ1 at 22°C. This value is consistent with the rate at which radio-labeled ribonucleotide was incorporated into acid-precipitable material at 22°C, as determined by ourselves and others (41) . During a transcription event, the downstream bead was pulled away from the trap center, thus increasing the restoring force which the RNAP worked against from ϳ0.5 to ϳ3 pN. As the mean rate was independent of transcript length, the rate of T7 RNAP is assumed to be independent of forces Ͻ3 pN opposing transcription, in accord with findings obtained for E. coli RNAP (5-7). It was observed that, after a period of time, DNA template release could occur during elongation and transcription re-initiation on the same template (most probably by the same RNAP) was possible (Fig. 3a) . This is a powerful feature of the present single-molecule assay, as it allows large numbers of events to be recorded with the same RNAP/DNA pair.
It is significant that we observed a lag phase prior to the onset of elongation in which the T7 RNAP remained stationary. The lifetime of this stationary complex was determined from the lag time, beginning with the DNA-binding event and ending at the intersection of the fitted straight line corresponding to the elongation phase (Fig. 2d) . The lag times observed ranged from 1.3 to 4.6 s (n ϭ 6) and were significantly longer than the mean lifetime of the binary T7 RNAP-promoter DNA complex (1/k off ϭ 0.34 s) and the short lifetime (ϳ0.01 s) of the open complex in the presence of initiating ribonucleotides (26) . We conclude that they represent the rate-limiting transition (k for ϭ 0.36 s Ϫ1 ) on the pathway to the EC (Fig. 4) . Such a rate-limiting step has been proposed based on the results from bulk studies of transcription initiation by T7 RNAP (15, 25, (42) (43) (44) , but this is the first time that it has been observed directly. The ratio of the forward rate to the promoter dissociation rate (k for /k off Ϸ 0.12) yields an estimate for the probability of the transition from initiation to elongation (promoter escape) under conditions supporting synthesis of gene-length RNA transcripts, i.e. experimental ribonucleotide concentrations (250 M) Ͼ K m for elongation. This estimate is consistent with our observation that the majority of T7 RNAP-promoter DNA complexes dissociate rather than undergo promoter escape. The transition from initiation to elongation is an important event as RNAP converts from an abortive to a processive mode of RNA synthesis, and it is this step which is often a key target of gene regulation, particularly in higher organisms. It is also the case that the process of promoter escape has not been easy to study using conventional solution approaches. The dual optical trap arrangement that we have developed allows both intermittent and processive modes of mechanical interaction between RNAP and DNA to be measured. Data from these single-molecule studies complement the recent x-ray crystallography (45, 46) and biochemical (47, 48 ) data on T7 RNAP initiation and EC structures that are now emerging. As a stationary initiation complex can be manipulated at the singlemolecule level, it is now possible to probe the mechanics of promoter escape by using mechanical force to assist or hinder this process. The single-molecule method reported here should be readily adaptable for use with multi-subunit RNAPs from higher organisms and, in principle, could be adapted to any DNA-dependent molecular motor which intermittently binds to a cognate site on DNA and processively translocates along DNA.
